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1. General introduction 
DNA-binding proteins (DBPs) have central roles in the essential processes 
of cells based on DNA-protein interactions such as the replication and 
transcription of DNA. Despite the diverse functional variety of the 
sequence-specific DBPs, the common property of the proteins of fundamental 
importance is the target binding. For DBPs to work properly in vivo, they must 
search for the short target site embedded in a huge amount of non-target DNA 
efficiently and accurately. To achieve this efficient target search, a mechanism 
“facilitated diffusion” was proposed. The facilitated diffusion is the combination of 
four mechanisms, one-dimensional (1D) sliding along DNA, three-dimensional 
(3D) diffusion, hopping/jumping and intersegmental transfer (IST). The facilitated 
diffusion has been examined extensively for many DBPs by both experimental 
and theoretical works. 
A tumor suppressor protein p53 is one of DBPs and binds to the target 
sequence in cells. The target binding triggers the expression of downstream 
products, leading to the tumor suppression by DNA repair, cell cycle arrest and 
apoptosis. p53 is also considered to search for the target by the facilitated 
diffusion. Our and other groups investigated the 1D and 3D searches of p53 
extensively (reviewed in ref [1]). However, various important processes in the 
facilitated diffusion of p53 are still to be experimentally investigated. For example, 
it is unknown to what degree p53 can recognize the target sequence correctly 
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when p53 arrives at the target sequence. Furthermore, it is anticipated that 
hopping/jumping and IST should occur in the efficient target search of p53. Thus, 
to understand the whole picture of the target search of p53, the target recognition 
and IST must be explored. 
The main objective of this research is to characterize the target 
recognition and IST of p53. In Chapter 2, I observed the target binding of p53 
directly at the single-molecule level. By analyzing the dynamics of p53 along DNA, 
I estimated the target recognition probability (TRP) of p53, defined as the 
probability of recognizing the target upon encountering the site. Moreover, by 
comparing the TRP values of the p53 mutants, I concluded that the regulation of 
TRP has an essential role in the function of p53. In Chapter 3, I characterized the 
IST of p53. The IST of p53 occurs at the rate close to the diffusion-limited 
reactions and caused by the C-terminal domain. Moreover, I observed the IST 
directly by single-molecule fluorescence microscopy.  
 
2. Target recognition of p53 [2]  
DBPs are considered to search for the target by the facilitated diffusion 
mechanism. Here I propose a new and important component in the facilitated 
diffusion of DBP, TRP, defined as the probability of recognizing the target upon 
encountering the site. TRP has been frequently assumed to be 100% in theoretical 
works. However, Hammer et al. demonstrated that only 53% of the encounter 
events of the lac repressor to the target resulted in the target recognition [3], 
suggesting that DBPs including p53 may possess the fractional TRP. The target 
binding of p53 was known to be modulated by posttranslational modifications and 
mutations. In this study, I investigated the target binding of p53 in long DNA, 
estimated TRP of p53 and examined the significance of TRP in the target search. 
First, I expressed and purified p53. Because the wild-type (WT) p53 is 
easy to aggregate, I constructed the pseudo-WT p53 following our previous work 
[4]. Furthermore, by introducing the mutations, S392E and R248Q, into the 
pseudo-WT, I constructed the activated and inactive mutants of p53, respectively. 
To evaluate the binding of the constructed p53 and DNA, I conducted the 
fluorescence anisotropy measurements. The dissociation constant of the 
pseudo-WT, activated, and inactive mutant for the target DNA were 1.6 ± 0.2, 0.8 
± 0.1, and 6.2 ± 0.3 nM per tetramer, respectively, indicating that the mutations of 
p53 influence its affinity to the target DNA. The association rate constants of the 
p53 mutants to DNA were ~109 M-1 s-1, which implies that the association of p53 
and DNA is the diffusion-limited reaction. The residence times of the p53 mutants 
on the target and the non-target DNA were ~40 and ~10 ms, respectively. Hence, 
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the residence time on the target DNA was 4-fold longer than that on the 
non-target DNA. 
To observe the target binding of p53, I 
constructed long DNA, possessing the target of 
p53 in the center, and tethered it on the cover 
glass. The p53 mutants were labeled with a 
fluorescent dye, ATTO532, and the dynamics of 
the p53 mutants on DNA was observed by 
single-molecule fluorescence microscopy (Fig. 1a). 
When some of the pseudo-WT and the activated 
mutant reached the target sequence while 
sliding along DNA one-dimensionally, they 
stopped on the target, corresponding to the 
specific binding to the target (Fig. 1b). Notably, 
most of p53 molecules passed over the target 
sequence without recognition, suggesting that 
p53 has the fractional TRP (Fig. 1b). By contrast, 
the inactive mutant did not display any binding 
events to the target. To estimate TRP 
quantitatively, I examined the residence time of 
p53 on the target sequence and estimated TRP. 
TRP of the pseudo-WT, activated and inactive mutant were 7, 18 and 0%, 
respectively. As a control, I analyzed the dynamics of the activated mutant on the 
non-target DNA, whose TRP was estimated to be 0%. Accordingly, it was 
demonstrated that TRP of p53 can be altered by single mutations and is 
correlated with the tumor suppressive function of p53. I concluded that p53 
controls TRP by posttranslational modifications to respond to cell conditions. 
I estimated that the target search time of p53 in vivo is 1.4 s by assuming 
simultaneous search of 10000 molecules of p53 for the target site in one nucleus. 
The search time is much shorter than the estimated time required for the 
expression of downstream genes after the stresses to cells. Because the target 
search time is a reciprocal of TRP, it is concluded that the elevation of TRP is 
important for the target search of single p53 molecules. 
 
3. Intersegmental transfer of p53  
IST is one of the target search mechanisms in which a DBP transfers from 
one DNA to another through the formation of three-body complex with two DNAs. 
IST of several DBPs has been demonstrated experimentally. Furthermore, some 
Figure 1. (a) Experimental set 
up used for the determination 
of TRP at the single-molecule 
level. (b) Target binding and 
target pass events of p53. 
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theoretical works demonstrated that the IST can reduce the target search time. In 
the case of p53, the molecular dynamics simulation demonstrated that IST of p53 
is mainly triggered by the attachment of the C-terminal domain to the second 
DNA. Here I aimed to characterize IST of p53 and its significance in the target 
search by ensemble and single-molecule fluorescence measurements. 
To analyze the kinetic rate constant of IST of p53, I mixed p53-DNA 
complex and an excess amount of competitor DNA by using a stopped-flow 
apparatus. I confirmed that IST of the pseudo-WT p53 occurred from the 
non-target DNA, but not from the target DNA, implying that the target binding 
inhibits IST. Notably, the rate of IST was estimated as ~108 M-1 s-1, which was 
near the diffusion-limited reaction rate. The IST rate was increased as the 
concentration of K+ and Mg2+ increased, suggesting that the electrostatic 
interaction between p53 and DNA is 
involved in IST. To examine the domain 
in p53 responsible for IST, I constructed 
the TetCT and CoreTet mutants lacking 
the core and C-terminal domain from the 
pseudo-WT, respectively. The TetCT 
mutant exhibited IST like the pseudo-WT, 
but the CoreTet mutant did not, 
indicating that the C-terminal domain is 
required for the IST.  
To further characterize IST of p53, 
I developed a new method to observe IST 
directly by modifying the DNA garden 
method established by our group 
previously [5]. First, neutravidin was 
adsorbed on the coverslip in 
lattice-shaped patterns by using the 
polydimethylsiloxane stamp. Second, λDNA labeled with biotin was tethered on 
the coverslip by one end. Third, the crisscrossed DNAs were constructed by 
tethering λDNA by both ends by applying a flow. Finally, I introduced 
ATTO532-labeled p53 and observed the dynamics of p53 on crisscrossed DNAs by 
single-molecule fluorescence microscopy (Fig. 2a). Some pseudo-WT p53 molecules 
slid along DNA one-dimensionally and altered the moving direction by ~90 
degrees at the intersection, suggesting IST (Fig. 2b). Other molecules passed over 
the intersection and dissociated from DNA without IST. I also conducted the 
single-molecule observations for the TetCT and the CoreTet mutants. The TetCT 
Figure 2. (a) Experimental set up for 
the single-molecule measurements of 
IST. (b) A trajectory of p53 at the 
intersection of the criss-crossed DNA. 
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mutant showed IST, but the CoreTet mutant did not. The results were consistent 
with the results obtained by the ensemble measurements, demonstrating the 
importance of the C-terminal domain for IST. The analysis of the trajectories of 
p53 revealed that the transfer efficiency of pseudo-WT and TetCT was 9-26%. 
Moreover, the transfer time of the TetCT was estimated to be 100-200 ms. The 
obtained transfer efficiency and transfer time might be determined by the 
collision of two DNAs caused by the thermal fluctuation. 
I found that the transfer rate of p53 is the fastest among the reported IST 
rates for other DBPs. Moreover, I noticed that only p53 possesses the multiple 
disordered regions used for the binding to DNA, which may account for the 
ultrafast IST of p53. In addition, I estimated that the apparent IST rate of p53 in 
nuclei is ~5000 s-1, which was much faster than the dissociation rate constant of 
p53 from the non-target DNA, 8.3 s-1. The estimation suggests that p53 mainly 
searches for the target by the IST rather than the 3D diffusion in nuclei. I 
concluded that p53 can avoid obstacles on DNA by IST and that it will facilitate 
the target search of p53 in vivo.  
 
4. Summary 
In this study, I characterized the target recognition and IST of p53 by 
ensemble and single-molecule fluorescence measurements. Moreover, I proposed 
the significance of the TRP and the IST on the target search of p53. Although I 
examined the dynamics of p53 by in vitro experiments, the dynamics of p53 in 
vivo will be more complicated. In eukaryotic nuclei, DNAs are folded into 
chromatin structures. To unveil the real dynamics of p53 searching for the target 
in vivo, the observations of p53 on nucleosomal DNAs will be important. 
Furthermore, there are many DBPs including p53 which have various structures 
and functions in cells. To reveal whether the TRP and IST are general 
mechanisms of DBPs, it is necessary to observe the dynamics of DBPs at the 
single-molecule level. The comprehensive investigations may reveal the target 
recognition and transfer mechanisms, and at last, the efficient target search 
mechanisms of DBPs. 
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論文審査の結果の要旨 
 
 配列特異的 DNA 結合タンパク質は、DNA 上の特定の塩基配列（ターゲット配列）に結合するこ
とで、すべての生命活動を制御する重要な役割を担っている。このとき、莫大な DNA 配列のなか
でどのように短時間内にターゲット配列を選びだすのか、大変興味深い問題である。DNA 結合タ
ンパク質の機能不全はしばしば細胞のがん化などを引き起こすため、この問題は医学上の重要性
も持っている。 
 本研究では、伊藤氏は発ガン抑制タンパク質として知られる p53 を研究対象として、p53 のタ
ーゲット探索機構の解明を行った。p53 は、細胞に対するストレスにより活性化され、DNA の標的
配列に結合することで細胞周期の停止などを制御する転写因子である。p53 が標的配列を探索す
る際に、DNA 上を p53 が一次元拡散しながら標的配列に結合する過程が知られている。本研究で
は、一分子蛍光測定による DNA 上における p53 の運動の観察や、ストップトフロー装置を使った
アンサンブルレベルでの p53 の DNA に対する結合速度および解離速度定数の測定を用いて、p53
のターゲット探索の分子機構を解明した。 
 伊藤氏は第一に、DNA 上を一次元拡散しながら運動する p53 が、ターゲット配列にであった際
にどのような振る舞いを示すのかを観察した。p53 のターゲット配列を中心に組み込んだ DNA を
光学基板の上に張り、蛍光色素をラベル化した p53 がその上を拡散する過程を、一分子蛍光観察
法により観察した。その結果、多くの場合に p53 がターゲット配列を通り過ぎることを見いだし
た。一分子観察結果から、p53 がターゲットを認識する確率である TRP を定量したところ、疑似
野生型の p53 ではわずかに 7%だった。この確率は活性化型の p53 では 18%に上昇した。一方で、
活性を持たずにがん化を防ぐことができない p53 の変異体では 0%であった。この結果は、p53 が
TRP を制御することで、ターゲット配列の認識を制御していることを示している。配列特異的 DNA
結合タンパク質において、TRP の制御が一般的に行われている可能性を提案した。 
 伊藤氏は第二に、ある DNA 上を一次元拡散している p53 が、別の DNA に乗り移る過程の観察を
行った。この過程は、セグメント間移動（intersegmental transfer:IST）と呼ばれ、理論研究に
より p53 においても重要な過程であることが示唆されているが、実験的な研究は全くなされてい
なかった。伊藤氏ははじめにストップトフロー装置を用いて IST の速度定数を算出した。その結
果、p53 においては IST が拡散律速の速度定数に近い高速過程であることを見いだした。次に、
一分子蛍光観察法を用いることで、十字形に張った二つの DNA 上を乗り移る運動を p53 が示すこ
とを証明した。これらの結果から、核内における DNA が密に絡み合った環境において、p53 が頻
繁に IST を起こしていることを推測した。 
 以上の結論は、伊藤優志氏が自立して研究活動を行うに必要な高度の研究能力と学識を有する
ことを示している。したがって，伊藤優志氏提出の博士論文は，博士（理学）の学位論文として
合格と認める。 
 
 
 
 
 
 
 
 
